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ABSTRACT. Solid-state intercalation was applied to prepare organo-smectites using cationic surfactants and 
natural clays containing smectite at various surfactant/smectite ratios. The surfactants enter the interlayers of 
smectites causing a swelling of the clays. The used clays were collected in Siétougou and Diabari villages located 
in the eastern part of Burkina Faso. The solid-state intercalation was successful for all four surfactants applied, n-
dodecyltrimethylammonium bromide, (n-C12H25(CH3)3NBr), n-tetradecyltrimethylammonium bromide, (n-
C14H29(CH3)3NBr), n-hexadecyltrimethylammonium bromide (n-C16H33(CH3)3NBr) and di-n-dodecyldimethyl-
ammonium bromide ((n-C12H25)2(CH3)2NBr) at different levels of the cation exchange capacity (CEC). The 
synthesized organo-smectites were characterized regarding relative density, structural and textural properties. 
XRPD data showed a systematic increase of the basal spacing of the unit cell of the smectite up to >38 Å at 2.0-
CEC loading of the surfactant. This increase indicates that the surfactants penetrated into the smectite interlayers 
with the surfactants being arranged parallel to the layers at low concentrations and almost perpendicular at high 
ones. FTIR spectra of the organo-smectites showed a decrease in the intensities of the water bands at around 1630 
cm-1 and 3400 cm-1, and new specific bands close to 2920 cm-1 and 2850 cm-1 were assigned to the asymmetric and 
symmetric stretching of CH2 groups of the surfactants, respectively. 
  




Smectite clay minerals are abundant in nature, and they are known to have swelling properties 
due to their ability to take up water and swell. Surface modification and intercalation of clay 
minerals have received significant attention as it allows to prepare materials with properties 
suitable in a wide range of applications at low cost. Several routes to modify clays have been 
developed to be used in applications as adsorption, ion exchange with inorganic and organic 
cations, acidification, calcination, and re-aggregation of smectites [1, 2]. Generally, the reported 
scientific papers in this field describe the preparation of the organoclays at laboratory scale 
using different techniques and chemical conditions, different type of clays, and a range of 
surfactants as reviewed by Paiva et al. [2]. For modification, e.g. clays quaternary ammonium 
salts are the most frequently used compounds, but n-alkyl-pyrrolidones, maleic anhydride, 
biomolecules, polymeric quaternary alkylammonium, alkyl-imidazolium and phosphonium salts 
have also been used for this purpose [2-6]. The areas of application of modified clays are wide 
including nanocomposites, adsorbents of organic and inorganic pollutants in soil, water, air, etc. 
[2, 7-9]. Clays and chemically modified clays have extensively been used as adsorbents in 
environmental systems. The most commonly used clay types in such applications are smectites 
due to their high CEC, swelling properties, large surface areas, and good adsorption and 
absorption properties [2, 8, 10, 11].. 
Intercalation of cationic surfactants into the 2:1 sheets, e.g. smectites changes their surface 
properties from hydrophilic to hydrophobic [12, 13] because of the replacement of hydrated 
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metal cations between the sheets by cationic surfactants. This is seen through a decrease in the 
intensities of the water bands in the infrared region at around 1630 cm-1 and 3400 cm-1 [12, 13] 
and new bands related to the surfactants. Transmission and scanning electron microscopy 
analyses (TEM and SEM, respectively) have been applied to study the macrostructural features 
of modified clays [14-16]. The TEM analyses showed the packing density of modified clays 
within the interlayer space, and SEM micrographs showed the difference in surface morphology 
of untreated and modified clays [14-16]. Thermogravimetry (TG) and differential scanning 
calorimetry (DSC) have been applied to get information on the thermal behavior of modified 
clays [17, 18]. The result of the modification of clays is seen as swelling, thus, the basal spacing 
between the sheets has increased [2, 14, 19]. As a result, organoclays exhibited better adsorption 
capacity, e.g. organic contaminants [2, 20, 21]. According to literature, the behavior and 
properties of organoclays are strongly related to their structure and the chemical properties of 
the intercalated compound between the sheets [1, 2, 14, 22]. Numerous previous studies have 
shown that the d001 spacing of the modified clays is strongly related to the length and number of 
the alkyl chains and the packing density of the intercalated surfactants of the modified clays [22, 
23, 24]. 
Modified clays are normally prepared in aqueous solution by cation exchange or solid-state 
reactions. Organic molecules can be intercalated in dried clay minerals by solid-state reactions 
without use of solvents and this makes the preparation procedure environmentally friendly and 
more suitable for industrialization [2, 25]. Solid-state intercalation is therefore to be preferred 
for modified clays [25, 26]. However, so far it has been less employed than procedures in 
aqueous solution [2, 12, 14]. The first solid-state intercalation of alkylammonium cations into 
clay minerals was reported by Ogawa et al. [25, 27]. Although solid-state intercalation reactions 
showed several advantages, so far a limited number of studies are reported on the synthesis of 
modified clays by solid-state reactions [2, 27, 28]. The use of intercalation reactions of organic 
compounds into clays and clay minerals using solid-state reactions has been described elsewhere 
[2, 26]. 
In the present work, the solid-state intercalation method was applied to the preparation of 
organoclays because of simple handling and relatively low cost [25, 26, 28]. Although different 
types of clays from several regions and suppliers have been used to prepare modified clays, 
further studies using solid-state intercalation technique to introduce organic compounds into 
clays and clay minerals are relevant from both scientific and applied point of view. Since the 
chemical composition of smectite clays varies from one deposit to another, more studies are 
needed to assess their usefulness as cheap and effective materials with sorption capacity 
regarding removal of organic contaminants in different environmental applications. To the best 
of our knowledge, although large deposits of smectite clays, which constitute an important 
mineral resource, are located in the Eastern part of the country, they have not yet been used for 
organoclays preparation. These deposits of smectite clays being largely available for the 
synthesis of modified clays, by intercalating cationic surfactants between the raw clay sheets, a 
wide range of applications could be considered at low cost in the country. 





+ ions as bromide salts have been used in solid-state intercalation reactions with 
two natural clays of smectite type collected in the Eastern part of Burkina Faso. Clays modified 
with quaternary alkylammoniums derivatives such as n-hexadecyltrimethylammonium and n-
dodecytrimethyl-ammonium bromides have been reported in a number of studies [12, 21, 24, 
29, 30, 31], those intercalated with n-tetradecyltrimethylammonium and di-n-
dodecyldimethylammonium bromides have only been the subject of a limited number of studies 
[21, 23, 24, 29, 32]. 
The present work was undertaken to investigate the solid-state intercalation of three 
alkyltrimethylammonium and one di-alkyldimethylammonium cations into two natural smectite 
clays collected from large deposits located in the Eastern part of Burkina Faso, and the 
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subsequent changes of structure and physicochemical properties. The relationship between the 
d001 basal spacing of the modified clays and the length, the number of long alkyl chains in the 
quaternary alkylammonium ions has been one of the main objectives of this study. Furthermore, 
the interlayer configuration of intercalated surfactants in the two smectite clays has been 
elucidated. The variation of the relative density of the organoclays depending on different 





The natural clays used in this study are  from Siétougou and Diabari villages, denoted AH and 
DI, respectively, located in the Eastern region of Burkina Faso at the following coordinates, AH: 
latitude = 11°54’43.2’’, longitude = 00°38’22.7’’, and DI: latitude = 11°51’19.9’’, longitude = 
00°25’08.07’’.  
The used surfactants n-dodecyltrimethylammonium bromide (n-C12H25(CH3)3NBr, (C12)), n-
tetradecyltrimethylammonium bromide (n-C14H29(CH3)3NBr, (C14)), n-hexadecyltrimethyl-
ammonium bromide (n-C16H33(CH3)3NBr, (C16)) and di-n-dodecyldimethylammonium bromide 
((n-C12H25)2(CH3)2NBr,  (2C12)), were purchased from Sigma-Aldrich (≥98% purity). Silver 
nitrate (AgNO3, Sigma-Aldrich, ≥99.8% purity) was used as purchased to test the presence of 
the bromide ions in the washing water after treatment of clays with the surfactants. 
 
Organosmectites synthesis  
 
The synthesis of organoclays was undertaken by the following procedure: 4 g of dried clay 
(powder size, ≤80 µm) and a well-defined amount of surfactant, which represents a level of 0.5 
CEC, 1.0 CEC, 1.5 CEC and 2.0 CEC of the used clay, was placed in an agate mortar. The 
mixture was ground for 10-15 min to get a homogeneous powder. The treated clays were 
washed with distilled water to get rid of the bromide ions as checked by the addition of an 
aqueous solution of silver nitrate, dried at room temperature, and further dried in oven at 100 °C 
for 4 hours. The dried modified clays were ground in an agate mortar and stored in closed 
bottles. The modified clays were labelled as surfactant loading-type of surfactant-original 




Cation exchange capacity was determined by adsorption of copper ethylenediamine Cu2(en)2
2+ 
complex [34]. The CEC values were determined at 34.2 meq/100 g and 25.4 meq/100 g for the 
raw clays from AH and DI, respectively. 
The relative densities of raw and modified clays are calculated by dividing the mass of the 
samples by the mass of water in a calibrated 5.0 mL beaker, weighed in the same way as 
possible. 
The elemental composition of raw clays was determined by using an ICP-OES (Inductively 
Coupled Plasma Optical Emission Spectroscopy) Optima 7300V HF Perkin Elmer instrument. A 
well-defined quantity of the sample was mixed with hydrochloric acid and nitric acid in a 
microwave oven for complete dissolution of the sample and the elementary composition was 
determined.  
X-ray powder diffraction (XRPD) patterns of the samples were recorded between 2 and 62° 
with a step size of 0.2° in scattering angle, 2, by a - goniometer as described elsewhere [35] 
using Mo(Kα1) radiation, λ = 0.71073 Å. 
Fourier transform infrared spectroscopy (FT-IR) was used to characterize the samples in this 
study. The raw clays, organoclays and pure surfactants were mixed with dry KBr and pressed 
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into discs with 2 mg of sample and 200 mg KBr in each tablet. The data were recorded on a 
Perkin Elmer Spectrum 100 FT-IR spectrometer over the spectral range of 400 cm-1-4000 cm-1. 
 
RESULTS AND DISCUSSION 
 
X-ray diffraction of raw clays  
 




Figure 1. X-ray powder diffraction patterns of AH and DI raw clays: Q = quartz, M = 
Montmorillonite, K = Kaolinite, H = Hematite, R = Rutile, O = orthoclase and A = 
Anorthite. 
 
The diffractograms show that the raw clays contain montmorillonite, kaolinite, quartz, 
anorthite, orthoclase, hematite and rutile. According to literature studies, the d001 basal spacing 
values reported for Na-montmorillonite are the following: 12.0 Å and 11.78 Å, Cubuk et al. 
[30]; 12.0 Å, Caglar et al. [31]; 12.96 Å, Tetsuka et al. [36]. In the case of Ca-montmorillonite, 
the d001 values reported are the following: 15 Å, He et al. [29]; 15.72 Å, Tetsuka et al. [36]; 15.4 
Å, Zhang et al. [37].  In the present study, the d001 basal spacing of the smectite phase is seen at 
15.3 Å (2.266 º denoted M in Figure 1). This d001 basal spacing value (15.3 Å) is closer to the 
d001 basal spacing of Ca-montmorillonite than the one corresponding to Na-montmorillonite, 
indicating that the AH and DI raw clays contain Ca-montmorillonite as the dominant smectite 
mineral clay. AH and DI clays contain different amounts of montmorillonite with a higher 
content in AH according to the cation exchange capacity and the XRPD patterns, see above. The 
presence of montmorillonite, which belongs to the smectite clay group, in the raw clays is 
advantageous for the intercalation of surfactants as smectite clays have a high cation exchange 
capacity and large surface areas, which confer strong adsorption/absorption properties. 
Generally in the literature, Na-montmorillonite, Ca-montmorillonite and bentonite are the 
mineral clays that are used for the preparation of organoclays. Compared to the existing 
literature, our study focuses on raw clays containing Ca-montmorillonite, kaolinite, orthoclase 
and anorthite as mineral phases, with Ca-montmorillonite being the major phase. 
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Chemical analysis of raw clays  
 
The elemental composition of the raw clays was determined and the oxide content is 
summarized in Table 1. The high values of the SiO2/Al2O3 ratio for each raw sample (5.27 for 
AH and 5.70 for DI) can be explained by the presence of bentonite (montmorillonite) which has 
a ratio at around 3.78 [38] and the presence of a highly free silica. 
 
Table 1. Chemical composition (expressed as mass %) of the AH and DI clay samples. 
 
AH clay 
Oxide Al2O3 SiO2 Fe2O3 CaO NiO P2O5 MgO SrO 
Mass %  12.7 67.1 8.54 1.12 0.03 0.04 0.96 0.01 
Oxide Cr2O3 K2O SO3 MnO TiO2 ZrO2 Na2O SiO2/Al2O3 
Mass % 0.04 0.61 0.02 0.16 1.61 0.12 0.18 5.27 
DI clay 
Oxide Al2O3 SiO2 Fe2O3 CaO NiO P2O5 MgO SrO 
Mass % 12.4 70.4 5.26 1.40 0.02 0.04 0.87 0.02 
Oxide Cr2O3 K2O SO3 MnO TiO2 ZrO2 Na2O SiO2/Al2O3 
Mass %   0.02 0.77 0.02 0.13 0.93 0.10 0.59 5.70 
 
Relative density measurements 
 
The relative densities of the samples are summarized in Table 2. These results show a 
systematic decrease of the relative density with increasing level of surfactant loading which 
means that the clays swell with the intercalation of the surfactant. The relative density of the 
organoclays also decreases with the length and number of the long alkyl chains of the 
surfactants. According to Yevtushenko et al., there is an inverse relationship between porosity 
and the relative density of soil, which means that the decrease of the relative density causes an 
increase in soil porosity [39]. Although porosity measurements were not carried out, the 
decrease of the relative density of the organoclays could indicate that their porosities are higher 
than the ones of the corresponding untreated samples [39]. The swelling and increased 
hydrophobicity is certainly the reason for the difficulty to grind the organoclays with high 
surfactant loading level. Therefore, a simple way to confirm the intercalation of the surfactant 
molecules into the clays is relative density measurements.  
 





C12 C14 C16 2C12 
AH DI AH DI AH DI AH DI 
0.0 CEC 1.55 1.50 1.55 1.50 1.55 1.50 1.55 1.50 
0.5 CEC 1.46 1.46 1.38 1.39 1.23 1.36 1.46 1.47 
1.0 CEC 1.37 1.28 1.26 1.25 1.20 1.20 1.18 1.18 
1.5 CEC 1.34 1.27 1.28 1.19 1.15 1.13 1.09 1.20 
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X-ray diffraction of the organoclays 
 
The XRPD diffractograms of the DI and AH raw and modified clays prepared at different 
loading levels (0.5 CEC, 1.0 CEC, 1.5 CEC and 2.0 CEC) using the C12, C14, C16 and 2C12 
surfactants are shown in Figure 2.  
 
 
Figure 2. X-ray powder diffraction patterns of AH, DI clays and C12-AH, C12-DI, C14-AH,     
C14-DI, C16-AH, C16-DI, 2C12-AH and 2C12-DI organoclays. 
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The basal spacing information of the modified clays obtained from the XRPD experiments 
proves the intercalation of the organic surfactant into the clay layers. According to the XRPD 
patterns of the raw and modified clays, the basal spacing increases with increasing loading of 
surfactant. This increase shows that the surfactant molecules are intercalated between the layers 
of the mineral clays and that increased loading increases the basal spacing, d001. 
The XRPD patterns show also an increasing d001 value with increasing length of the long 
alkyl chain (C12, C14 and C16) and number of long alkyl chains (C12 and 2C12), Figure 2. 
Furthermore, the increase in the d001 values seems to take place in steps with preferred intervals, 
Figure 2. 
The value of the basal spacing d001 increases with increasing length of long alkyl chains. The 
d001 value of 2.0 CEC-C12-AH and 2.0 CEC-C12-DI (25 Å) is smaller than the d001 values of 2.0 
CEC-C14-AH (32 Å) and 2.0 CEC-C14-DI (28 Å), which are also smaller than the d001 values of 
2.0 CEC-C16-AH and 2.0 CEC-C16-DI (≥ 38 Å). According to Park [24], at 0.5 CEC level 
loading, the d001 value increases marginally with the length of the surfactant: C12 (14.1 Å), C14 
(14.3 Å) and C16 (14.4 Å) at a XRD step size of 0.0167° for 2θ. In principle the same 
observation is made in this study with the same d001 spacing for all applied surfactants at 0.5 
CEC loading, Figure 2. This can be explained by the low loading level and the long alkyl chains 
that are oriented parallel to the sheets, Figures 3a and 3b. With increasing loading, length and 
number of long alkyl chains in the quaternary ammonium ions the d001 spacing increases, Figure 
2. This means that the orientation of the intercalated quaternary ammonium ions changes from 
being parallel with the sheets to become more and more upright with increasing loading, Figure 
3.  
At 1.0 CEC loading the increase in d001 spacing for C12 and C14 is marginal compared to the 
0.5 CEC loading, but significant for C16 and 2C12, Figure 2. At 1.5 CEC loading the d001 spacing 
for C12 and C14 increase and reach the same values as for the 1.0 CEC loading of C16 and 2C12. 
However, the latter keep the same d001 spacing at 1.5 CEC as at 1.0 CEC loading. At 2.0 CEC 
loading the C12 and C14 surfactants maintain the loading at 1.5 CEC, while for the C16 and 2C12 
surfactants a further increase in the d001 spacing is observed, Figure 2. These preferred d001 
spacing’s are most likely connected to certain preferred orientations and stacking of the long 
alkyl chain(s) of the surfactants even though this study cannot give any detailed models for the 
orientation and stacking of the long alkyl chains of the surfactants applied. Figure 3 shows 
tentative orientations and stacking of the surfactants with increasing CEC loading. At full 
intercalation it can be expected that the structure of the surfactants resembles their structure in 
solid-state. He et al. found that there is an increase when the long alkyl chain number in the 
quaternary alkylammonium ions increases from one to two in the case of C12 and C16 surfactants 
[29], as also found in the present study for the C12 surfactant. Indeed, the d001 value of 2.0 CEC-
C12-AH and 2.0 CEC-C12-DI (24.5 Å) is smaller than the d001 value of 2.0 CEC-2C12-AH and 2.0 
CEC-2C12-DI (≥38 Å), Figure 2. This effect of the level of loading on the d001 basal spacing 
values is in agreement with the previous studies [23, 24, 29, 37, 40, 41]. Cubuk et al. and Caglar 
et al. [30, 31] reported that the basal spacing (d001) values of modified clays, prepared with C12 
and C16 surfactants added between 0.5 CEC and 3.0 CEC increased for each successive level 
loading (XRD step size 0.026º for 2θ). However, in the present work we found that the basal 
spacing remains the same in some cases for two successive level loadings. The step size in the 
present experiment, 0.2o in 2θ, causes a lower resolution than in previous experiments. 
Nevertheless, the resolution is sufficient for a basic understanding of the systematic changes in 
the expansion of the modified clays along the c-axis of the montmorillonite unit cell with 
increasing loading level, length and number of long alkyl chains, of the surfactant. 
The XRPD diffractograms indicate that in the case of the C16 and 2C12 surfactants, from 1.0 
CEC to 2.0 CEC level loading, the d001 basal spacing has two values, Figure 2. This result is in 
agreement with the fact that C16 and 2C12 surfactants have more than one molecular arrangement 
as described by Park [24] and Cubuk et al. [30] for Ca-montmorillonite interlayers. This may 
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depend on different availability for loading of different particles. The peaks related to d001 
spacing are shifted to lower Bragg angles for all modified clay samples with increased surfactant 
loading. This variation in the intercalation spacing is systematic with length, number of long 
alkyl chains and level of surfactant loading applied for the Ca-montmorillonite clays, which is in 
agreement with the previous studies [23, 24, 30, 42]. The increase of the d001 basal spacing at the 
surfactant intercalation also sustains the decrease of the relative density. 
 
 
Figure 3. Surfactant molecules orientations into the interlayer space: arrangements (a) 
monolayer, (b) bilayers, and (c, d) pseudo-trilayers and (e, f and g, h) paraffin-type for 
one and two long alkyl chains, respectively [45]. 
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The orientation of the surfactants depends most likely on the quantity and the arrangement 
and orientation of the surfactant in the interlayer. The structure of the adsorbed surfactant layer 
in the interlayers of smectite is most likely also affected by the charge distribution and chemical 
composition of the smectite. 
Considering the interlayer expansions and the molecular dimensions of the surfactants, 
tentative arrangements of the surfactant molecules between the 2:1 sheets of the smectite have 
been distinguished. The expansion of the smectite evaluated by deducting the thickness of the 
smectite layer structure (tetrahedral-octahedral-tetrahedral) 2:1 unit (9.7 Å) [30, 31, 43] from 
basal spacing of 0.5 CEC organoclays samples is 6.8 Å. The molecular dimensions are 
approximately 3.8 Å in width and 18.0 Å in length for C12H25(CH3)3N
+, 4.0 Å in width and 20.8 
Å in length for C14H29(CH3)3N
+and 4.2 Å in width and 23.5 Å in length for C16H33(CH3)3N
+ 
when the long alkyl chain for each surfactant is parallel to the plan of smectite clay [30, 31, 43]. 
Regarding the interlayer expansion of 6.8 Å for all modified clays at 0.5 CEC loading of AH 
and DI smectites and the molecular sizes of C12, C14 and C16, it can be concluded that the 
surfactant molecules are located as a lateral monolayer arrangement. The interlayer distance and 
basal spacing of modified smectites at 0.5 CEC surfactant loading in this work are in agreement 
with previous investigations showing that C12, C14 and C16 cations are inserted laterally in a 
monolayer arrangement [29, 30, 31, 43], Figure 3a. 
The expansion of the interlayers when increasing the surfactant loading from 1.0 CEC to 2.0 
CEC levels are 8.3 Å, 10.0 Å, 12.1 Å, 14.8 Å, 18.1 Å, 22.4 Å and more than 28.3 Å depending 
on the raw clay and/or the surfactant, Figures 3. Considering the molecular size of the 
surfactant, the expansion values, 8.3 Å and 10.0 Å, correspond to a bilayer arrangement of 
surfactant molecules with an angle which depends on the interaction between the surfactant 
molecules and the clay layers, the chemical composition of the clay and the structure of the 
surfactant. The d001 basal spacing values corresponding to this arrangement are 18.0 Å and 19.7 
Å. For 12.1 Å and 14.8 Å as expansion values, the molecular orientation of the carbon alkyl 
chain is contained in an oblique plan and the arrangement of the surfactant molecule reaches a 
pseudo-trilayer arrangement. In case the expansions are 18.1 Å, 22.4 Å and more than 28.4 Å, 
the alkyl chain arrangement is paraffin-type and approximate to the alternate antiparallel 
packing between the clay layer as found in the crystal structures in solid bromide salts of the 
surfactants C12, C14 and C16 [44]. The d001 basal spacing values corresponding to the paraffin-
type arrangement are 27.8 Å, 32.1 Å and more than 38 Å. Therefore, the angle between the clay 
layers and the plane of the surfactant molecules approaches 90º. These arrangements of the long 
alkyl chains in the organoclays are similar to those proposed by Lagaly et al. [45]. 
A general decrease in intensity of the diffraction peaks with increasing loading of 
surfactants, Figure 3, strongly indicates decreasing crystallinity of organoclays with increase 
length of the c-axis due to the surfactant loading. 
 
Fourier transform infrared (FTIR) spectroscopy of organoclays 
 
The FTIR spectra of raw clays and modified clays prepared at 0.5 CEC, 1.0 CEC, 1.5 CEC and 
2.0 CEC level loadings of C12, C14, C16 and 2C12 surfactants, and pure surfactants are shown in 
Figures 4-7.  
 In all these FTIR spectra, the H-O-H bending bands of water molecules adsorbed on raw and 
modified clays appear at ca. 1600 cm-1. The peak at 3622 cm-1 for the raw clays is assigned to 
OH stretching vibrations of the structural hydroxyl group, and the band around 3420 cm-1 is 
assigned to water molecules adsorbed between the layers of the clay. Madejová et al. assigned 
the peaks at 3694 cm-1 and 3620 cm-1 to AlMg-OH and Al2-OH vibrations, respectively. Those 
bands are normally assigned to stretching vibrations of hydroxyl groups coordinated to 
octahedral cations in montmorillonite or kaolinite [46-48]. Moreover the absorption peaks seen 
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at 3620 cm-1on the raw clays and oganoclays are typical for smectites with high amount of Al in 
the octahedra [46]. 
 
 
Figure 4. FTIR spectra of AH and DI raw clays, and C12-AH and C12-DI organoclays. 
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Figure 5. FTIR spectra of AH and DI raw clays, and C14-AH and C14-DI organoclays. 
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Figure 6. FTIR spectra of AH and DI raw clays, and C16-AH and C16-DI organoclays. 
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Figure 7. FTIR spectra of AH and DI raw clays, and 2C12-AH and 2C12-DI organoclays. 
 
All FTIR spectra contain bands attributed to Si-O stretching at 1100 cm-1 and Si-O in-plane 
bending at 470 cm-1  [47]. The absorption peaks at 913 cm-1 and 536 cm-1 are assigned to Al2-OH 
bending vibration and Al-O-Si deformations of raw clays, respectively [47, 48]. The peaks 
observed around 694 cm-1 are assigned to Fe-O or Al-O out of plane bending vibrations [47]. 
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The CH2 asymmetric stretching bands are slightly shifted to lower wavenumbers upon 
intercalation of the C12, C14, C16 and 2C12 surfactants from 2927 cm
-1 to 2920 cm-1 depending on 
AH or DI raw clays, and surfactant loading, 0.5 CEC to 2.0 CEC level. Furthermore, the 
wavenumber of the symmetric CH2 stretching mode is shifted from 2855 cm
-1 to 2850 cm-1 seen 
in the modified clays, Figures 4-7. When the surfactant loading level increases, the 
wavenumbers of asymmetric and symmetric CH2 stretching bands of surfactants in the modified 
clays approach the wavenumbers of the pure surfactant. This further indicates that the alkyl 
chains are packed in a similar way as in the pure surfactant when the intercalation approaches 
saturation. According to Kamitori et al. [44], Silva et al. [49] and Campanelli and Scaramuzza 
[50], the molecular arrangements of C12, C14 and C16 alkyl chains are as parallel as possible 
within a layer and antiparallel in alternate layers in the pure surfactant. The infrared 
spectroscopy data support that arrangement of alkyl chains in the organoclays changes gradually 
from being parallel with clay sheets at low surfactant loading to standing in a similar or identical 
way as the pure surfactants at high loading as proposed in previous studies [12, 13, 24]. 
The wavenumbers of asymmetric and symmetric stretching modes of CH2 of the pure 
surfactant molecules and the modified clays are summarized in the Table 3. The frequency and 
the intensity of the asymmetric and symmetric stretching bands of CH2 change with the length 
and the number of long alkyl chains as well as with level of loading. However, the CH2 
scissoring and rocking vibrations seen at 1473 cm-1 and 731 cm-1, respectively [30], seem to be 
independent of the length of alkyl chain and level of loading. 
Moreover, the additional weak band, which is seen between 3670 cm-1 and 3700 cm-1 on the 
raw clay spectra, increases with surfactants molecules intercalation. This is related to the 
insertion of the surfactants molecules into the Ca-montmorillonite interlayers. It is observed that 
the band intensities at 3420 cm-1 and 1635 cm-1 decreased progressively with the surfactant 
loading level due to the intercalation of the quaternary alkylammonium cations and this causes 
that the hydrophilic properties of raw clays change to hydrophobic ones [30, 31, 46]. The FTIR 
spectra support the model of intercalation of surfactants between the sheets in clays as described 
above, Figure 3. 
 
Table 3. Wavenumbers variation of CH2 asymmetric and symmetric stretching mode in AH and DI 
modified clays. 
 
 AH clay 
 Surfactants and wavenumbers (cm-1) of asymmetric and symmetric CH2 stretching 
Loading level C12 C14 C16 2C12 
CH2asym CH2sym CH2asym CH2sym CH2asym CH2sym CH2asym CH2sym 
0.5 CEC 2926 2855 2923 2853 2923 2852 2925 2854 
1.0 CEC 2926 2854 2923 2852 2921 2851 2924 2854 
1.5 CEC 2925 2854 2922 2852 2920 2851 2924 2853 
2.0 CEC 2925 2854 2921 2851 2920 2850 2921 2853 
DI clay 
Surfactants and wavenumbers (cm-1) of asymmetric and symmetric CH2 stretching 
Loading level C12 C14 C16 2C12 
CH2asym CH2sym CH2asym CH2sym CH2asym CH2sym CH2asym CH2sym 
0.5 CEC 2926 2855 2926 2854 2923 2852 2927 2855 
1.0 CEC 2926 2855 2924 2853 2922 2851 2925 2855 
1.5 CEC 2924 2854 2923 2852 2921 2851 2925 2854 
2.0 CEC 2924 2854 2922 2852 2920 2851 2924 2854 
Pure 
surfactants 
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Two natural clays from Burkina Faso containing Ca-montmorillonite as main clay type were 






using solid-state reaction methodology. Relative density measurements show that the relative 
density of the organoclays decreases with increasing surfactant loading. Thus, the natural clays 
swell substantially at treatment with surfactants. The increase of the d001 spacing shown by 
XRPD proved the swelling of layers by intercalation of the surfactants. The value of basal 
spacing reaches 25 Å for modified clays treated with C12, 32 Å for those treated with C14, and 
more than 38 Å for those treated with C16 and 2C12 at 2.0 CEC loading level of the surfactant. 
The IR spectra showed the CH2 asymmetric and symmetric stretching bands at around 2920 cm
-1 
and 2850 cm-1, respectively, proving successful intercalation. FTIR spectra showed that the 
wavenumbers of asymmetric and symmetric stretching vibrations of the surfactants in 
organoclays decrease and approach the values observed for the pure surfactants with increasing 
surfactant level. The intercalation of the quaternary alkylammonium cations into the clays 
interlayers causes that the hydrophilic properties of raw clays change to hydrophobic and 
organophilic. The solid-state intercalation of alkyltrimethylammonium and di-alkyldimethyl- 
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